A mobile laser-induced fluorescence spectrum (LIFS) lidar was developed for monitoring pollens floating in the atmosphere. The fluorescence spectrum of pollens excited at 355 nm was measured with a fluorescence spectrometer and the results suggested that in general they had peaks at around 460 nm and the ranges were 400-600 nm. A fluorescence spectrum database of 25 different pollens was made with the 355 nm excitation. Based on these results, we developed a LIFS lidar that had features in pollen species identification and daytime operation. The former was achieved by the database and the latter was possible by introducing a synchronous-delay detection to a gated CCD spectrometer in an operation time of 200 ns. Fluorescence detection of pollens floating in the atmosphere was performed using the LIFS lidar in a field where cedars grow in the spring and ragweed in the autumn. The LIFS lidar system successfully detected fluorescence spectrums of the pollens at a distance of approximately 20 m away. We discussed the performance of the LIFS lidar by estimating the number of cedar pollens using a lidar equation, introducing a fluorescence cross section of cedar pollens and a sensitivity of the CCD spectrometer that was measured by ourselves.
Introduction
A very large number of people suffer from a pollen allergy in all regions of the world [1] . In Japan, the main pollens causing allergies are of the Japanese cedar (Cryptomeria japonica) in spring and ragweed (Ambrosia artemisiifolia) in autumn. A survey reported that one fourth of the Japanese population suffers from a cedar pollen allergy [2] . This number will increase when coupled with other factors such as diesel particles from exhausts [3] , westernized life styles [4] , and the attainment of optimum age of Japanese cedars for pollen production [3] . There is an estimate that climate changes will double the allergy suffering as a result of the doubling of pollens in the year of 2040, compared with 2012 [5] . Thus, the development of pollen monitoring techniques and the delivery of information to the public that urges people to take appropriate action is highly required. The general method of pollen monitoring is by sampling (volumetric and gravimetric) and counting (by manual/automated operations using several optical methods such as scattering, fluorescence, imaging, and so on). For example in Japan, we can check the status of pollen through the Internet monitored by Hanako-san, which is an automated pollen monitoring system operated by the Ministry of Environment of Japan [6] . As monitoring devices are typically set on the ground or on the roofs of buildings, the information gathered is about the particles falling on the ground/roof where the monitoring system is set. Many devices are needed to cover a whole residential area.
On the other hand, pollen can be easily carried by the wind and widely distributed. If the overall process from pollen occurrence, diffusion, transportation, and deposition can be easily monitored by a single system, the benefits will increase. For example, a lidar may predict thunderstorm asthma, which has been happening frequently in Australia [7] , by following the pollen behavior together with atmospheric changes. Long distance transports of pollens from North America to Greenland [8] , the outer Great Barrier Reef in Australia [9] , across the Alps (alt. 2300 m) [10] , and others have been reported. These transportations have influenced the earth's ecosystem and such influences have been deeply connected with our lives besides the pollen allergy problems, in such areas as agriculture, forestry, and fish industries. A lidar will be a possible candidate for such purpose. It can be used to follow aerosols transportations continuously in time and in ranges that cannot be covered by a point monitoring system. Lidars usually use three different optical interactions, scattering, absorption, and emission. There are several papers inferring the presence of pollen in the atmosphere according to their elastic backscattering (depolarization) data and/or Raman data of lidar observations [11] [12] [13] [14] . Despite the usefulness of the depolarization experiments, the limitations of a scattering lidar are discussed; such as its inability to distinguish and discriminate pollens from other aerosols present in the natural environment [15, 16] . On the other hand, it is well known that a large variety of organic materials like pollens can emit their own characteristic autofluorescence (hereafter, fluorescence) [17] . This suggests that fluorescence would be a potential optical interaction for lidar operations having identification capability. Some papers investigated the fluorescence spectrum of bioaerosols, including pollen in a cell/drum experiment [18, 19] and lidar performance tests were demonstrated using bioaerosols disseminating in a drum/tunnel/open-air-facility [20] . However, to the best of the authors' knowledge there are few reports referring to the detection of natural airborne pollens in the atmosphere by a lidar.
In this paper, we report on our experimental results of direct detection of pollen fluorescence spectrum done in a natural field using a LIFS (laser-induced fluorescence spectrum) lidar and discuss the fluorescence spectrum characteristics of pollen, the design and construction of the LIFS lidar, and evaluate the performance by a simple calculation.
Spectral Characteristics of Pollen Fluorescence
To understand the fluorescence characteristics of pollens and to apply them to lidar construction and observations, we measured the fluorescence spectrum of pollens excited at 355 nm. Japanese cedar and Hinoki cypress (Chamaecyparis obtuse) pollens were purchased from a vendor (Miyazo-kahun-kennkyuki, Ibaraki, Japan) and various other kinds of pollens were collected by ourselves from natural plants, orchard trees, and garden flowers. It should be added that we are seeking effective uses of the pollen fluorescence data for agricultural industry although the negative effects only were considered in the previous section. Pollens were stuffed in a quartz window cell and measured by a fluorescence spectrometer (F-2500, Hitachi High-Tech Science Corporation, Tokyo, Japan). The spectral sensitivity of the spectrometer from 200 nm to 600 nm was corrected using Rhodamine B dye in a diffused cell following the manual directions. In Figure 1 , we show an example of the fluorescence spectrum of several tree pollens. We made a database of pollen fluorescence ( Figure 2 ) that included 25 varieties using commercial software (FileMaker Pro, FileMaker, Inc., Santa Clara, CA, USA). 
LIFS Lidar System

Design and Construction
We selected cedar pollen in spring and ragweed pollen in autumn for our main LIFS lidar observations, because they are the major species of pollen allergy during each season as described above. In designing the pollen detection lidar, we required two features in the LIFS lidar: (1) pollen species identification that covers the difficulty of traditional elastic backscattering (depolarization) lidars and (2) operation in daytime and at any place because pollen release may be much more active at a warmer temperature after sunrise and pollens are carried freely everywhere by atmospheric convection developing in the daytime.
The LIFS lidar we developed is shown in Figure 3 with some specification details. A pulsed UV YAG laser at 355 nm (Nano L200-10, Litron lasers, Rugby, UK) was used as the lidar source. We prepared a multichannel spectrometer (PMA-11, Hamamatsu, Hamamatsu City, Japan) for the detection, which consisted of a spectrometer (F number 3) and an intensified CCD linear sensor. The sensitivity of the spectrometer was from 200 nm to 860 nm that covers the whole fluorescence spectrum region shown in Figure 1 . We expected the LIFS lidar to have the capability of identifying different pollen species by comparing the spectrum patterns of the LIFS lidar results with the fluorescence database.
If we consider the LIFS lidar as a watchdog system that can inform the pollen status in real time to the public and urge them to take some appropriate action, then the pollen lidar observations should be done on a sunny day when pollen release may be highly active and people also are likely to be outside. Otherwise sunny day observations are not suitable for lidar performance because the solar background noise is larger than that in other weather conditions or at night. In the previous reports on fluorescence lidar observation in daytime, observation targets were in high concentration/dense conditions, including hard targets, because it was easier to achieve a signal to noise ratio under such conditions. These observations included plant constituents monitoring [21, 22] , water quality monitoring [23, 24] , construction status monitoring [25, 26] , land monitoring [27] , insects [28] and bird [29] detections. The aerosol fluorescence measurement was done only in nighttime [11, 30] .
We introduced a synchronous-delay detection technique [24] to be able to operate during daytime. If a detector gate opens late during the arrival of a fluorescence emission, because a fluorescence emission is short, the solar background light is significantly decreased. Otherwise the fluorescence signal can be detected synchronously in a short time. The life time of Cedar pollens we measured was about 1-2 ns when they were excited by the YAG laser with a 6 ns pulse width (FWHM). The total width is assumed to be twice, about 12 ns, and the fluorescence emission lasts for 13-14 ns. Therefore, it is preferable to set the CCD gate width around 15 ns. We selected a gated image-intensified CCD (C8808-01S) for the PMA 11. A digital delay/pulse generator (RG535, Stanford Research Systems, Sunnyvale, CO, USA) controlled all the LIFS lidar operations from the laser triggering to gating the CCD with a resolution time of 5 ps.
The laser itself and beam direction mirrors were mounted on a Schmidt-Cassegrainian telescope with a 25 cm diameter (LX200-25, Meade INSTRUMENTS, Irvine, CA, USA), which collected fluorescence. A bundle fiber was set at the focal point of the telescope and delivered fluorescence to the multichannel spectrometer, which performed the detection. The whole system could easily be loaded in a commercial-use compact-van that could be driven even in the narrow and winding roads often found during field observation. The whole LIFS lidar system could be operated with a small dynamo with the power of 900 VI (G900is, Yanmar, Osaka, Japan). 
Performance Check of LIFS Lidar
Detection of False Pollen (Flour Powder)
An air flow device was set on a ladder 20 m away from the LIFS lidar, which consisted of a 40 cm long acrylic pipe with an inner diameter of 20 cm that had two holes of a 8 cm diameter on the long side surface, an air blower under the pipe, and a fan on top of it. Flour powders as false pollens stored in a box were blown up inside the pipe during each run of the LIFS lidar experiment. The LIFS lidar was placed in our laboratory (Figure 3 (right) ) and the laser beam was carefully adjusted to pass through the holes. The result shown in Figure 4a depicts a fluorescence spectrum detected by the LIFS lidar and we compare it with the spectrometer reference measurements stored in the database. The operational condition of the LIFS lidar appears in Figure 3 and one spectrum was the averaged value of 100 signals, the measurement time was 10 s. That of the fluorescence spectrometer was that the spectral resolution was 3 nm and the measurement time to cover 200 nm-800 nm was 24 s when the scanning speed of the grating was 1500 nm/min. These conditions were common to Figures 4 and 5 . The target for this experiment was Japanese black pine pollens naturally growing in our campus. The LIFS lidar was set on a stretcher and easily carried outside. Electric power was supplied with the generator. The distance between the LIFS lidar and the tree target was about 15 m, with the laser beam passing about 30 cm above the tree. Compared with the result of the flour powder experiment, the fewer number of pollens resulted in a noisier fluorescence spectrum (Figure 4b) . However, the experiment suggests the possibility of detection of natural pollens by our LIFS lidar.
Field Observations
Cedar Pollen Observations
Spring observations were made at the mountain-side of a town (Matsushiro, Nagano City, Nagano Prefecture, Japan) where a cedar forest had formed, about 20 m (width) × 150 m (length) × 8 m (height). The lidar was placed on the ground so that it was about 3 m higher than the ground of the forest. The distance to the forest was about 20 m and the laser beam passed about 5 m from the end of the forest. The detected fluorescence spectrum is shown in Figure 5a , as well as the spectrum in the database for comparison.
Ragweed Pollen Observations
Autumn observations were made at a riverbed of a town where the ragweed spread out 500 m along the river in a 200 m width. The laser beam passed horizontally 1 m above the ragweed area. The detected fluorescence spectrum is shown in Figure 5b , which is a running mean value averaged over five successive spectral points (channels) and the spectrum in the database is also given for comparison.
Discussions
System Operations
The database showed that every pollen had its own specific fluorescence spectrum and provides a potential of identification of various pollen species for the LIFS lidar in this work. It should be added that the Excitation-Emission (fluorescence)-Matrix experiments we did show that 355-nm was an applicable wavelength for many aerosol candidate materials, including pollens [31] and EEM itself is much more available for this type of monitoring.
The usefulness of a Nd:YAG laser, a reliable and user-friendly system, was demonstrated in the field studies. A multichannel spectrometer that can cover the whole fluorescence spectrum range over several hundred-nm was necessary to create the spectrum. The synchronous-delay operation of our system was effective in decreasing solar background noise. As the detection period was made shorter, the noise decreased linearly, but the fluorescence signal kept constant in its intensity. The CCD gate time in the field observations was set at 200 ns, which is longer than the fluorescence emission, to compensate for laser jittering occurring around 100 ns. Even in the longer gate times, the effect of the noise reduction was confirmed and daytime observations were successful. The mobile (via compact van) and self-efficient LIFS lidar equipped with a small generator made it possible to conduct environmental monitoring at anytime and at any place without any other infrastructure.
Pollen Observations in Field
In field experiments, the time dependency of the fluorescence intensity of the cedar pollens was observed. At 12:26, the fluorescence did not appear, then it increased at 13:22, becoming a bit smaller than before at 13:26, and then it reached the peak at 13:33 and there was no pollen detection at 13:43. The lidar could respond to the short-time change in several minutes. The cedars seemed to continuously release pollens, so the increase and decrease in the fluorescence intensity was caused by wind direction, which changed the number of pollens flying into the lidar detection view.
The fluorescence signal of the ragweed pollens was noisy compared to that of the cedar pollens. If the fluorescence efficiency of the ragweed pollens is about the same as the cedar one, it is simply supposed that the number of pollens within the lidar detection view was smaller. The result of the ragweed pollen fluorescence monitoring seems to represent the limitation of our LIFS lidar.
Estimation of Detected Particle Numbers
We attempted to estimate the number of cedar pollens observed by the LIFS lidar. If we use a lidar equation, we need a fluorescence efficiency of pollen and detector sensitivity.
First, a simple experiment determined the fluorescence efficiency of the cedar pollens. The fluorescence detector was a PMT with an interference filter having a central wavelength of 460 nm and a spectral width of 10 nm. The wavelength matched the peak of the cedar pollen fluorescence. A very small amount of the pollens was placed on a non-fluorescent quartz glass and its number was counted with a particle counter (KC-20, RION, Tokyo, Japan). They were excited by the same laser used for the observations, but the energy was reduced to several hundred micro Joules. Figure 6 shows the dependency of the PMT output voltage on the number of pollens. The experimental error was about ±4%, most of which was due to the fluctuation of the laser pulse energy. From this, the fluorescence efficiency (fluorescence cross section) of the cedar pollen was calculated as 2 × 10 −14 cm 2 sr −1 nm −1 /particle using measurement parameters such as the laser power, PMT voltage, PMT's sensitivity, divergence formed by the configuration of the laser input and receiver, and the number of pollen. When compared with the cross section of a single particle of pine pollen measured by Stepen that was around 1.7 × 10 −13 cm 2 sr −1 nm −1 /particle at 460 nm with 280-nm excitation [32] , there is also an order of magnitude difference between them. The value of the fluorescence cross section varies depending on its species, excitation, and detection wavelengths as we can see in Figure 1 . Fluorescence spectrum of pollens of Betula alba, Junglans Nigra, Dactylis Glomerata, and Lycopodium showed a one order magnitude of difference among them even in the same excitation wavelength of 280 nm [33] . In general, biological agents tend to have a stronger fluorescence with shorter excitation wavelengths below 300 nm [18] , even in the same species [34] . We concluded the value of fluorescence cross section of cedar pollen obtained can be available in the following discussion. What we need next is the sensitivity of the multichannel spectrometer PMA-11. Unfortunately, it is not available from the manufacturing company, and the output is displayed as a "count" that may be a value specific to the system itself. On the other hand, lidar systems in general use a PMT detector and measure PMT output voltage (V PMT ) with an oscilloscope. Then we tried a comparative experiment of the PMA detection with the PMT detection.
The experiment was conducted in another LIFS lidar ( Figure 7 ) that we had already set up in our laboratory room and used for the monitoring of atmospheric aerosol fluorescence in which four sets of PMTs with interference filters were changed according to the fluorescence spectral shape of the aerosol we wanted to detect. For the comparative experiment, only one set with 460-nm detection, which is a peak of the Ceder pollen, was needed. A white paper was excited by a 355-nm laser, and the fluorescence at around 460 nm measured by both detection devices was compared. An input power to both detection devices (P in (W/nm)) is calculated from the PMT output voltage V PMT as
where T l and T f are the transmittance of the lens and the filter, ∆λ F the bandwidth of the filter, T o optical efficiency of optical components other than the lens and the filter, S the anode sensitivity of the PMT, and R output resistance of PMT. The PMA sensitivity (count/nm) that is a ratio of monitoring power (P PMA (count/nm)) using the PMA to that (P in ) using the PMT are expressed using a conversion factor η (count/W) P PMA = P in η
The comparative experiment resulted in that η was 1.5 × 10 10 (count/W). Table 1 shows parameters used for the calculation in which P PMA and V PMT were given by the comparative experiment.
Following a lidar equation, P in is as
where P is the laser power, N the pollen density, σ the fluorescence cross section of the pollen, Y the overlap factor, A the effective telescope area, c the velocity of light, τ L laser pulse width, T L atmospheric transmittance of the laser, and T F atmospheric transmittance of the fluorescence. Thus, the number of the pollen received by the PMA detector is estimated as follows;
We could calculate the observed particle number of the LIFS lidar as 2.2 × 10 7 (particle/m 3 ) at 20 m. The parameters for the calculation are listed in Table 1 , in which P PMA was given by the observation.
The number monitored by Hanako-san at the Amori Office of the Nagano Environmental Conservation Research Institute (Amori, Nagano City, Nagano Prefecture, Japan) fluctuated severely 0-several 100 particles/m 3 with sudden increase up to 2000 (particles/m 3 ) [6] . The institute is located in a residential area about 7 km away from the cedar pollen observation site. It appears that the higher calculated number of the LIFS lidar observation is due to the proximity to the origin of the pollens just released and the fact that the pollens have not yet spread into a larger space. The pollens were gathered in a limited space, so spectral intensity was strongly affected by the wind direction as seen in Figure 5 . The measurements by the Amori Office are lower because the pollens have had time to diffuse during transportation. For example, if the number of 2.2 × 10 7 (particle/m 3 ) spreads into an even 100 m × 100 m × 100 m area, it will be diluted to 22 (particle/m 3 ).
To use the LIFS lidar as a watchdog system, it is important to predict the direction to where pollen will float as well as the number. Therefore, the information should be obtained in the air close to the source before it moves to and falls on a residential area. Pollen in the air can be freely carried and change the direction of the transportation in several minutes as shown in the field experiment. The LIFS lidar system can respond to those requests. 
Conclusions
We investigated fluorescence lidar for pollen monitoring. We still need comparative experiments between the LIFS lidar monitoring and a point monitoring using a particle counter at the same location and time. However, field experiments of the fluorescence spectrum detection of cedar and ragweed pollens confirmed that the LIFS lidar is a potential apparatus for this type of monitoring, even in daytime.
We have two plans for further developing the LIFS lidar. One is the construction of a watchdog system that will quickly deliver information. Our LIFS lidar takes 10 s to get one measurement of data. If we average 100 signals using a 10 Hz laser, which needs several minutes to process and save data manually, we can obtain the fluorescence spectrum every 4-10 min, as shown in Figure 5a . We have already succeeded in delivering LIFS lidar data to a personal mobile phone from an observation place directly using a commercial communication system [24] . On the other hand, the gravitational method using a Durham's sampler that has been used as a traditional and basic method of pollen particle counting needs to one day inform the pollen status to the public. A more advanced one is the volumetric method using a particle counter based on the principle of optical scattering. Hanako-san, introduced in the introduction, is a particle counter. The pollen count is loaded up every hour on its website.
The other plan is to develop it into a scanning lidar, which will allow us to make a three-dimensional (cross-sectional structure with range resolution) map of pollen distribution. We have started the basic experiments with fluorescence monitoring of trees [31] . Funding: This research was funded by Japan Society for the Promotion of Science (JSPS) (17H01478).
